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Abstract: Nano-Ru/porous carbon composites were prepared by Ru/aerogels which were made through a 
reaction of resorcinol, formaldehyde and RuCl3·3H2O. The specific surface area (SSA) measurement 
showed that there was a SSA maximum with the increase of Ru loading. The sample RRu=5 (mole 
percent) obtained the largest SSA value of 1970 m2·g-1 and the most homogeneous distribution of Ru 10 

nano-particle on the porous carbon surface. It also obtained the highest hydrogen adsorption value of 0.8 
wt% (7.5 MPa) and 4.1 wt% (4 MPa) at 298 and 77 K respectively. Considering the H2 compressed in 
pores, the corresponding total value reached up to 1.4 wt% (P=7.5 MPa) and 6.3 wt% (P=6.5 MPa) at 298 
and 77 K respectively. Compared with porous carbon, the Ru/porous carbon composites had an obvious 
adsorption increase under same SSA condition at 298 K, which were contributed by the hydrogen 15 

spillover of Ru. The calculated contribution rate for the hydrogen adsorption was 38%. However, the 
spillover effect also brought a hysteresis phenomenon during hydrogen desorption as the hydrogen spilled 
from hydride into carbon matrix needed lower pressure to move and release. 

Introduction 

Many methods are presented to prepare porous carbon materials 20 

like chemical activation method,1-3 carbonide reduction process4-7 
and polymer carbonization.8, 9 As their good conductivity, large 
specific surface area (SSA) and big pore volume, they are usually 
used as electrode of supercapacitor 10-12, catalyst support,13, 14 and 
especially they are wildly researched in hydrogen adsorption.2, 3, 

25 

15-17 Among the characteristics of porous carbon materials, the 
SSA of porous carbon is very important parameter to evaluate its 
hydrogen storage ability. However, the limitation on the 
preparation of porous carbon with huge SSA has confined the 
hydrogen storage increase for porous carbon. 18 Therefore, a 30 

strategy of supporting catalysts on the porous carbon is 
introduced to enhance hydrogen storage, namely utilizing the 
spillover effect of catalyst to decompose H2 molecular into 
hydrogen atom to make hydrogen store into materials.19-23 There 
are many composites of porous carbons with catalysts (e.g. Pt, 35 

Pd, Ni, Co) have been prepared and applied in hydrogen 
storage.24-28 Chen et al29 reported the hydrogen storage of pristine 
AC with SSA value of 3300 m2g-1, graphene sheet (GS)/AC and 
Pd-GS/AC were 0.63, 0.55 and 0.82 wt% at 289 K/8 MPa 
respectively. It was clearly found that the H2 uptake of Pd-GS/AC 40 

was nearly 49% more than that of the GS/AC samples. Authors 
excluded the hydrogen storage of Pd and found that the H2 
physisorption of all samples strongly depended on the porosity of 
AC, and the enhanced H2 uptake could be attributed to the 
contribution of the AC receptor via the hydrogen spillover effect. 45 

Huang et al30 prepared cobalt-embedded ordered mesoporous 
carbon (OMC-Co) of which the hydrogen capacities was 0.45 
wt%, more than two times of OMC At 298 K/5.5 MPa. The 
contribution of hydrogen spillover effect is obvious. R.T. Yang et 
al31 reported that the hydrogen storage capacity of Pt-AX21 was 50 

enhanced to 1.2 wt % at 298 K/10 MPa. Furthermore, the 
isotherm was totally reversible and rechargeable at 298 K. To the 
catalysts obtaining hydrogen spillover effect, their particle size is 
expected to be as smaller as possible to increase the catalytic sites 
and hydrogen adsorption dynamic. Commonly,  catalysts are 55 

introduced onto the surface of carbon support after the activation 
process. However, this strategy usually reduces the SSA of 
porous carbon because some micro- and nano-pores will be 
blocked up by catalyst particles.32 Therefore, it is urgent to find a 
way to prepare porous carbon materials equipped with a 60 

homogenous catalyst dispersion and a rich porous structure which 
is not covered by catalysts unexpectedly to get an increasing 
available SSA. In additionally, even though many catalysts with 
hydrogen spillover have be reported, it is rare to evaluate the 
actual contribution of catalysts to the enhancement in hydrogen 65 

storage. In this work, spillover contribution to hydrogen storage 
will be discussed in detail. 

Among those many carbon materials, carbon aerogels derived 
from organic aerogels synthesized by resorcinol and 
formaldehyde have been wildly researched as hydrogen 70 

adsorption agent,33-36 because they have unique properties, such 
as controllable mass densities, continuous porosities, and high 
SSA. In this paper, a series of composite containing carbon 
aerogels and nano ruthenium (Ru) particles are prepared and 
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applied in hydrogen storage. The result shows that a large SSA 
can be obtained even after Ru being loaded , and the Ru particles 
with a highly uniform distribution loaded on the carbon aerogels 
enhance the hydrogen storage effectively. 

Experimental  5 

Synthesis of Ru/aerogel 

The mole ratio of resorcinol to formaldehyde was limited to 1:2. 
Different mass of RuCl3.3H2O was used as initiator. In the typical 
preparation of aero-gel, resorcinol (4.4g) was precisely weighted 
and solved in 8 ml deionized water, and then ultrasonically 10 

agitated for 10 min. The following was to slowly drop the 
formaldehyde (5.6 ml, 37% of contents) into the solution and it 
was supersonically agitated for another 10 min to mix regents 
completely. After above processes, it was kept at different 
temperatures for different time, namely, room temperature for 15 

1day, 50 ℃ for 1 day and 90 ℃ for 3 days. Then the samples 
were immersed in acetone for 1 day to replace water produced in 
polycondensation process. Finally, it was dried in 80 ℃  at 
vacuum. 

Carbonization and activation 20 

Ru/carbon was prepared by carbonization of Ru/aerogel at 850 ℃ 
for 2 h in a flow of Ar in 100ml·min-1. The Ru/carbon was 
subjected to activation by KOH at 850℃ for another 2h. Herein, 
the mass ratio of KOH to Ru/carbon is 4:1. After cooling down to 
room temperature, it was washed by deionized water for 3 times 25 

and then dried at 80 ℃. Herein, the Ru/porous carbon composites 
were denoted as RRu (RRu = C×100/R, C and R is mole fraction of 
RuCl3 and resorcinol respectively).  

Hydrogen storage measurement 

All samples were measured in powder and their hydrogen-uptake 30 

measurements were carried out by Sieverts apparatus. The 
detailed on the calculations and measurements were shown in a 
previous paper.37 The hydrogen adsorption was mainly measured 
at 293 K and 77 K. The physisorption of an empty sample cell 
was found to have a great influence on the final measurement. In 35 

this paper, all displayed hydrogen adsorption values was that the 
physisorption of empty sample cell was excluded. 

Characterization methods 

The morphologies and energy dispersive Spectroscopy (EDS) 
analysis of all samples were observed by field emission scanning 40 

electron microscopy (FE-SEM), JSM-6700F. The specific surface 
area (SSA) and pore volume were calculated by N2 adsorption-
desorption measurements, which were carried out on an ASAP 
2020 surface area and porosity analyzer device. X-ray diffraction 
(XRD) characterization of the samples was carried out on 45 

XpertPRO X-ray diffractometer with Cu Kα radiation (λ=0.15444 
nm). 

Results and discussion 

Firstly, the XRD test was conducted on aerogel, the Ru/carbon 
and the Ru/porous carbon samples with a content of RRu=5 to 50 

disclose the state of Ru. As seen from fig. 1a, Ru had been 
reduced by formaldehyde in the process of aerogel reaction. After  

 

Fig.1 XRD spectrum of (a) different processing states of RRu=5 and (b) 
Ru/porous carbons with different Ru loadings  55 

carbonization and activation, Ru still existed in pure metallic 
state. Fig.1b shows the XRD spectrum of four Ru/porous carbon 
composites with different Ru contents. Clearly, Ru existed in 
metallic state in all samples. Except for two peaks of KCx (x=8, 
9) appeared in the XRD spectrum of sample RRu=10, other three 60 

samples obtained smoothly broad peak in a range of 2θ=20~30°. 
Herein, the KCx (x=8, 9) phase came from the intercalation of 
alkalis after the thermochemistry activation. In most reports, 
usually the carbon materials was amorphous and difficult to 
determine the KCx phase. Whereas, some theoretical studies 65 

revealed that intercalation of alkalis into graphite structure could 
improve the hydrogen storage,38, 39 and the effect on the hydrogen 
storage of KCx will be discussed in the following. 
Fig.2 (a-d) displays four back scattered electron (BSE) images 

of Ru/porous carbon. It is found that the carbon particle 70 

morphologies are different from each other. With the increase of 
RRu, the carbon particle size increases firstly and then 
decreases(fig.2e). Among all samples, the sample RRu=5 and 
RRu=10 have an uniform morphology with a carbon particle size 
of ca. 2µm. The sample RRu=1.25 and RRu=2.5 obtain a cross-75 

linked structure and the sample RRu=2.5 obtains a bulk 
morphology with the biggest particle size of ca. 20µm. It 
demonstrates that the content of Ru at RRu=2.5 is a critical point 
to form cross-linked particles or even particles. As analyzed by 
XRD, Ru had been reduced by formaldehyde accompanied by the 80 

formation of aerogel, and then it served as growth nucleus in the 
formation of aerogel. The more Ru was reduced, the more 
nucleus sites appeared, and the smaller the aerogel particle size 
was. This is the reason why aerogels obtain different 
morphologies. Fig.2e (red line) shows the statistic number of Ru 85 

nanoparticles. To these four samples, the sample RRu=5 has the 
most Ru nanoparticles with a homogenous particle size of ca. 40 
nm dispersing on the carbon surface. Whereas, the RRu=1.25 and 
RRu=2.5 samples have few Ru nanoparticles dispersing on the 
carbon surface. Even though the sample RRu=10 has a biggest 90 

RuCl3 loading, Ru particles have aggregated into big cluster 
ultimately, as shown in fig.2d. The high light region marked by 
red cross in fig.2c is Ru particle which has been confirmed by 
EDS. These analysis and observation suggest that the Ru content 
can greatly affect the morphology of aerogel and the distribution 95 

of Ru nanoparticles. Additionally, the yields of samples after 
different process and the loading rates of Ru are listed in table 1. 
It is clearly seen that all yields increase with the increase of Ru 
loadings. The loading rate of Ru is a weight ratio of the actual 
loading of Ru to the final Ru/porous carbon weight. 100 

According to above analysis, the growth mechanism of aerogel 
and preparation of Ru/porous carbon were displayed in fig. 3. 
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Fig.2 BSE images of Ru/porous carbon. (a) RRu=1.25,(b) RRu=2.5,(c) 
RRu=5, (d) RRu=10, (e) the carbon particle size distribution (blue) and the 
statistic number of Ru nanoparticles (red), (f) EDS patterns of particle 
marked in sample RRu=5 5 

Table 1 The yields of samples after different process ,the loading rate of 
Ru and the hydrogen adsorption values at different temperatures. 

Samples Carbonization 
Yield/% 

Activation 
yield /%  

Total 
yield/%c 

Ru 
 wt% 

H2 wt% 
298 K 

H2 wt% 
77K 

RRu=1.25 53.6 64.8 34.8 2.1 0.52 3.3 
RRu=2.5 53.6 66.1 35.4 4.1 0.58 3.7 
RRu=5 53.5 69.2 37.0 7.7 0.81 4.2 
RRu=10 53.8 68.7 37.0 15 0.39 2.8 

Firstly, Ru3+ ions were reduced by formaldehyde and Ru 
nanoparticles have formed, which had been proved by XRD 
analysis. At the same time, the resorcinol and formaldehyde 10 

reacted. Then the composite of Ru/aerogel formed and grew 
gradually. However, the Ru nanoparticles were embedded inside 
of aerogel in this section. As seen shown in fig.3a, there was no 
Ru dispersing on the aerogel surface. After carbonization and 
activation, aerogel had changed into porous carbon. Ru 15 

nanoparticles dispersed on the surface of carbon in big size 
(fig.3b) and small size (fig.3d), of which big size should attribute 
to the aggregation and growth of small ones at high temperature. 
Fig.3c shows the BSE image of a section of Ru/porous carbon. It 
is clearly seen that Ru nanoparticles not only disperse on the 20 

surface of porous carbon but also exists inside of porous carbon. 
The preparation schematic is shown in fig.3e. 

 

 
Fig.3 BSE images of (a) original Ru/aerogel of RRu=5, (b) activated 25 

Ru/porous carbon of RRu=5, (c) section of Ru/porous carbon of RRu=5, (d) 
high resolution image of surface(□ in fig. 3b), (e) preparation schematic 
of Ru/carbon aerogel. 

Fig.4a shows the N2 adsorption-desorption isotherm of the four 
activated Ru/porous carbon samples, and they all belongs to I-30 

type adsorption. The result shows that RRu=5 sample obtains the 
biggest SSA value of 1970 m2·g-1 calculated by Brunauer–
Emmett–Teller (BET) model and pore volume of 1.05 cm3·g-1 
calculated by Barrett–Joyner–Halenda (BJH) model (fig. 4b). The 
SSA value of RRu=1.25, RRu=2.5 and RRu=10 is 1496, 1758 and 35 

1342 m2·g-1 respectively, and the pore volume is 0.79, 0.93 and 
0.74 cm3·g-1 respectively. 

These four composites of Ru/porous carbon were employed as 
adsorbents to determine their hydrogen storage property. Fig. 5(a, 
b) show the hydrogen storage isotherm of four samples with 40 

different Ru contents at 298 and 77 K, and their hydrogen storage 
values measured at different temperature were listed in table 1. 
As a whole, the hydrogen storage at 298 K has an obvious 
distinction among these samples. The sample RRu=5 obtains the 
highest hydrogen adsorption value reaching up to 0.81 wt% at 7.5 45 

MPa. Compared with pure carbon with a close or bigger SSA9, 
the sample RRu=5 has an obvious enhancement of hydrogen 
adsorption which should be attributed to the spillover effect of Ru 
nanoparticles.19, 40 Additionally, in these four hydrogen 
desorption isotherms, they all have displayed a phenomenon of 50 

hysteresis at range of low pressure. To the sample RRu=5, 0.11 wt% 
of hydrogen has not been released when the hydrogen pressure 
decreases to 0.01MPa, which is higher than the adsorption value 
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Fig.4 (a) N2 adsorption-desorption isotherm of four activated Ru/porous 
carbon samples, (b) the relationship between SSA or pore volume and Ru 
loading. 

 5 

Fig.5 The hydrogen adsorption isotherm of Ru/porous carbon at (a) 298 K 
and (b) 77 K; (c) the relationship between the hydrogen adsorption and 
Ru loading at 298 and 77 K; (d) the linear correlation between the 
hydrogen adsorption and SSA at 298 and 77 K; (e) cyclic hydrogen 
adsorption measurements of the sample RRu=5 after the first test (● in 10 

fig.5a), (insert) the third cyclic measurement. 

(0.004wt%) at same hydrogen pressure insert of fig.5a. Herein, 
there is 0.107 wt% of hydrogen having not been released. It is 
known that Ru has ability to split hydrogen molecules into atoms 
and then forms hydride like other transition metal (e.g. Pd, Pt). 15 

With the assumption of H:Ru=1,41-43 the hydrogen storage in 
metallic Ru is 0.98 wt%. In this work, the sample RRu=5 contains 
7.7 wt% of Ru loaded in porous carbon, thus Ru nanoparticles 
can store 0.075 wt% of hydrogen at most. Where is the residual 
0.032 wt% of hydrogen stored? To the hydrogen storage of 20 

metal/porous carbon composites, a storage mechanism is 
illustrated in fig.6a. Hydrogen molecules mainly be stored in 
pores (as compressed hydrogen gas) or on carbon surface (as 
adsorbed hydrogen). When hydrogen molecules meet the Ru 
metallic particles, they will be splitted into hydrogen atoms and 25 

then the atoms can diffuse into metal to form metallic hydride 

and further, the hydrogen atoms in the hydride can go into carbon 
matrix (intercalated hydrogen) at the drive force of high pressure 
of hydrogen gas in tank. During hydrogen desorption, the 
hydrogen adsorbed on carbon surface and in pores can be 30 

released easily with the decrease of pressure. However, the 
hydrogen atoms in metal particles and carbon matrix are difficult 
to go out. Therefore, we considered that the residual 0.0315 wt% 
of hydrogen should be stored in carbon matrix. This part of 
hydrogen needs lower pressure to move and desorb and then a 35 

hysteresis loop was formed as shown in the insertion of fig.5a. 
This hysteresis phenomenon had been reported in many 
researches.44-47 Li et al measured out of 0.1 wt% of hydrogen 
hysteresis desorption at 0.1 MPa for 5.6 wt% Pt/AX-21, and they 
also confirmed that about 0.015 wt% H was chemically adsorbed 40 

by the 5.6 wt% Pt according to Pt:H=1.48 Similarly, Saha et al24 
had loaded 5 wt% Pt on ordered mesoporous carbon (OMC) and 
the extension desorption curve displayed that ca. 0.03wt% 
hydrogen had not been desorbed at near zero pressure, as shown 
in fig. 6b. Excluded about 0.013 wt% of hydrogen stored in 5 wt% 45 

Pt (calculated according to the data tested by Li et al48), therefore, 
another 0.017 wt% H should be stored in carbon matrix near 
metal catalyst.  

 
Fig.6 (a) the hydrogen storage sketch for metal/porous materials 50 

composite. (b) Hydrogen adsorption/desorption isotherms on 5 wt% 
Pt/OMC at low pressures and 298 K24. 

At low temperature 77 K, as seen from fig.5b, the saturation 
hydrogen adsorption value for the sample RRu=10 is only 2.75 
wt%, which is the lowest. The values for sample RRu=1.25 and 55 

RRu=2.5 are of 3.3 and 3.6 wt% respectively. The sample RRu=5 
obtains the highest saturation value of 4.1 wt%. Fig. 5c shows 
that collection of the hydrogen adsorption values at 298 and 77 K. 
It is found that they have similar trend with the SSA. Herein, the 
typical sample RRu=10 with KCx phase shows the lowest 60 

hydrogen adsorption, indicating that the KCx basically has no 
contribution to the total hydrogen storage. For the true 
physisorption of activated carbon at 77 K, Kabbour et al49 gave 
an experimental rule about the relationship between the hydrogen 
adsorption of porous materials and their SSA, namely, 500 m2·g-1 

65 

of SSA contributes 1 wt% to the hydrogen adsorption (H2 
wt%=2×10-3×SSA), but the rule at 298 K had rarely been 
presented, and the contribution rate of catalyst with spillover 
effect was even rarely analyzed. Our previous research had 
proved that this rule is right basically at 77 K, and also the rule at 70 

298 K had been presented as H2 wt%=2.33×10-4×SSA 9. In this 
work, the equation of Ru/porous carbon composites has changed 
into H2 wt%=3.73×10-4×SSA. Clearly, the Ru/porous carbon has 
bigger slope value than pure activated carbon at 298 K, indicating 
that Ru indeed increases the hydrogen adsorption by its hydrogen 75 

spillover effect under same conditions of SSA and pressure. The 
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contribution rate (R) is about 38% which is calculated by 
equation (1). 

2 Ru-porous carbon 2 AC

2 Ru-porous carbon

H wt% -H wt%
R= 100%

H wt%
×

                                      (1) 

Herein, R is the contribution rate of Ru to hydrogen adsorption, 
H2 wt%Ru-porous carbon and H2 wt%AC 9 is the calculated 5 

hydrogen adsorption values at same SSA using the two hydrogen 
formulas at 298 K mentioned above. 

The hydrogen adsorption of Ru/porous carbon composites 
tested at 77 K still consist with the rule of H2 wt%=2×10-3×SSA. 
It seems that the hydrogen spillover effect has an unobvious 10 

contribution to the total hydrogen adsorption. 
In order to evaluate the cyclic hydrogen adsorption 

performance of the sample RRu=5, another two measurements 
after the first measurement were carried out. Their isotherms are 
shown in fig.5e. Before the second measurement, the sample was 15 

degassed fully. As seen from fig.5e, the second hydrogen 
adsorption/desorption isotherm (red line) is similar to the first one 
(red line in fig.5a), and they all have hysteresis loop. The 
hydrogen adsorption value is 0.8 wt%  at 7.5 MPa for the second 
measurement, which is little less than the first one (0.81wt%). 20 

After the second cyclic measurement, the third measurement was 
directly carried out without degassing. The test result shows that 
the hydrogen adsorption/desorption isotherm basically is same to 
the desorption curve of the second cyclic measurement and it is 
fully reversible (insert in fig.5e). It suggests that physisorption 25 

contributes to all hydrogen adsorption. Even though the displayed 
hydrogen adsorption value is 0.79 wt% for the third cyclic 
measurement, its start hydrogen adsorption value is 0.1 wt%, 
therefore, the real adsorption is 0.69 wt%. This value is high than 
that of pure AC (ca. 0.6 wt% at 7.5MPa) with bigger SSA.9, 29, 32, 

30 

48 The increase in hydrogen storage should be attributed to the 
hydrogen spillover effect. 

In addition to the effect of SSA, the pore volume also 
significantly contributes to hydrogen storage. According to Yaghi 
et al.,50 the total hydrogen storage is composed of two parts: (1) 35 

the surface adsorption and (2) the bulk density of hydrogen in the 
pores of the adsorbent (compressed hydrogen). Therefore,  
Mtotal=Madsorption+ρH2×Vpore, where Madsorption is the surface 
hydrogen adsorption; ρH2 is the compressed hydrogen density at 
298 or 77 K; Vpore is the pore volumes of carbon materials. The 40 

compressed hydrogen density data derives from the American 
National Institute of Standards and Technology. As shown in fig. 
7 (a, b), The pore volume of 1.05 cm3·g-1 for the sample  

 
Fig.7 The hydrogen storage isotherms of sample RRu=5 at (a) 298 K and 45 

(b) 77 K. The (●) is the adsorption of sample RRu=5; the solid line 
indicates the amount of pure H2 gas stored in the pores (ρH2×Vpore); the (■) 
is the summation of the adsorption and the gas stored in the pores. 

RRu=5 contributes to the total hydrogen adsorption up to 
approximately 0.57 wt% (7.5 MPa) and 2.2 wt% (6.5 MPa) at 50 

298 and 77 K respectively. The total values reached up to 1.4 
wt% (7.5 MPa) and 6.3 wt% (6.5 MPa) at 298 and 77 K 
respectively. 

The hydrogen adsorption heat of the sample RRu=5 were also 
measured. Fig.8 shows the hydrogen adsorption curve. Its 55 

original adsorption heat reaches up to 8.5 kJ·mol-1, which is 
higher than that of multiwalled carbon nanotubes (1.7 kJ⋅mol-1),51 
MOF-177 (4 kJ⋅mol-1) 50 or activated carbon AX-21 (6.4 kJ⋅mol-1). 
51 The calculation method is as follows.51 

ln

(1/ )
n

d P
H R

d T

 
−∆ = −  

 

                                                                 (2) 60 

Where ∆H is the adsorption heat (kJ⋅mol-1), P is the hydrogen 
pressure (MPa), T is the operation temperature (K) and R is the 
gas constant (8.314 J·K-1·mol-1). 

 
Fig.8 Hydrogen adsorption heat of the sample RRu=5 65 

Conclusions 

Aerogels with different Ru loadings were prepared by a 
reaction of resorcinol, formaldehyde and RuCl3·3H2O. The 
determination results showed that the Ru3+ was reduced into nano 
Ru firstly, and then the nano Ru catalyzed the formation of 70 

aerogel particles. After the carbonization and activation, the 
sample RRu=5 obtained the largest SSA value of 1970 m2·g-1 and 
the most even distribution of Ru nano-particle on carbon surface. 
Finally, its hydrogen adsorption had reached up to 0.81 wt% (7.5 
MPa) and 4.1 wt% (6.5 MPa) at 298 and 77 K respectively. Its 75 

original hydrogen adsorption had heat reached up to 8.5 kJ·mol-1. 
Compared with porous carbon, the hydrogen adsorption of 
Ru/porous carbon composites had been enhanced by the 
hydrogen spillover effect of Ru at 298 K. The calculation results 
show that this effect could obviously contribute 38% to the 80 

hydrogen adsorption. Additionally, the spillover effect also made 
a hysteresis phenomenon during hydrogen desorption, because 
the hydrogen spilled from hydride into carbon matrix needed 
lower pressure to diffuse and desorb. 
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